We have recently described the relaxation of mononucleosomes on an homologous series of 351-366 bp DNA minicircles, as a tool to study nucleosome structure and dynamics in vitro. Nucleosomes were found to have a tail-regulated access to three distinct DNA conformations, depending on the crossing between the entering and exiting DNAs, and its polarity. This approach was now used to explore tetrasome chiral transition, and the in¯uence of the histone tails. The data con®rmed the existence of two states, with linking number differences ÁLk t À 0.74(AE0.01) and 0.51(AE0.06). As expected, the particle free energy is higher in the right-handed state (ÁG t 1.9(AE0.I) kT), but it decreased (to 1.3(AE0.1) kT) upon histone acetylation and the addition of phosphate, a potent tail destabilizer. Removal of the tails with trypsin further decreased ÁG t (to 0.6 kT), and also induced a loss of supercoiling in both states, to ÁLk t À 0.64(AE0.03) and 0.35(AE0.05). The loop endconditions, and hence the parameters of the DNA superhelix, were then calculated for both states using the explicit solutions to the equations of the mechanical equilibrium in the theory of elastic rod model for DNA. Whereas the pitch of the DNA superhelix may be approximately equal and opposite in the two conformations, its radius (r) was 20 % larger in the right-handed conformation, con®rming previous observations by electron microscopy of a tetrasome lateral opening in that conformation. The above supercoiling losses were found to re¯ect a further 3 % increase in r (to 23 %) upon removal of the tails in the right-handed conformation, and a 14 % increase in the left-handed conformation. The use of composite tetramers with one histone tail intact and the other removed showed these effects to be essentially due to the H3 tails. Altogether, these results show that the H3 tails oppose the tetrasome opening which is expected to be required to relieve the clash between the entering and exiting DNAs in the course of the transition, but which also appears to be intrinsic to the protein reorientation mechanism. We propose that the block against opening results from the H3 tails intercalating into the small groove of the double helix at AE10 bp from the dyad, and acting as wedges against local DNA straightening. The tails (especially H3) may therefore regulate tetrasome chiral transition in vivo.
Introduction
The accompanying article (Sivolob & Prunell, 2000) has explored the chiral transition of tetrasomes on 256 and 359 bp DNA minicircles to the right-handed conformation, as driven by ethidium bromide (EtBr) intercalation in the loop. Analysis of the binding isotherms showed that a general hindrance to the transition occurred, modulated by the salt concentration, the minicircle size, and the degree of acetylation of the tails. Whereas salt always increased the hindrance, the effect of acetylation was more complex. Acetylation increased the hindrance in higher salt, but relieved it in lower salt when it was observed (on 256 bp but not 359 bp tetrasomes). This hindrance suggested a local EtBr intercalation in the dyad DNA region, which opposed its overtwisting during the transition. These effects of acetylation implied a competition between EtBr and the tails for binding in that region, whose outcome determined the occurrence of the hindrance or its relief.
The¯uorescence data therefore uncovered an indirect role of the tails in the transition, through a regulation of EtBr access to DNA in the dyad region. The purpose of the present work was ®rst, to investigate how that role of the tails was mediated, and second, to get quantitative information on the topology and energetics of tetrasome left and right-handed conformations. For this, we performed an analysis of the dependence of tetrasome relaxation behavior on DNA minicircle size. A similar analysis has previously shown that mononucleosomes thermally¯uctuate between three distinct DNA conformations in an equilibrium regulated by histone acetylation . Most important in the present work, the loop end-conditions, and from these, the parameters of the DNA superhelix, could be calculated for both conformations using the explicit solutions to the equations of the equilibrium in the theory of the elastic rod model for DNA .
The results showed that the role of the tails (especially H3) in the transition is mediated by tetrasome lateral opening, which they oppose. The mechanism presumably involves their intercalation into the small groove of the double helix at AE10 bp from the dyad, which makes them act as wedges controling the local DNA straightening. Because tetrasome opening is expected to be required to relieve the clash occurring between entering and exiting DNAs in the course of the transition, and also because opening appears to be intrinsic to the protein reorientation mechanism, the data raise the intriguing prospect that the tails may regulate tetrasome chiral transition in vivo.
Results
Trypsinized tetramers were ®rst prepared which had either the H3 (1Tr(H3)) or H4 (1Tr(H4)) tails removed, or both (2Tr) (see Materials and Methods and Figure 1 ). Figure 2 (a) shows, for the particular case of the 358 bp minicircle, the topoisomerase I relaxation patterns of tetrasomes reconstituted with these tetramers, as well as with control tetramers, on the Lk 32 topoisomer (ÁLk À 1.9 under reference conditions; see Materials and Methods). Upon relaxation, the unreacted topoisomer is relaxed into topo 34 (ÁLk 0.1), whereas the tetrasome (M T (À1.9)) is relaxed into tetrasomes of lower mobilities. The tetrasome band appears like a doublet, with the lower band becoming enriched, relative to the control, after tail removal (compare lanes 2 and 4). Interestingly, removal of the H3 tails is mostly responsible for this enrichment (patterns in lanes 4 and 6 are similar), whereas removal of the H4 tails has little effect (lane 8 resembles lane 2). This suggests that the relaxation equilibria depend on the nature of the tails being removed. This is con®rmed in Figure 2 (b) and (c) which show the topoisomer composition of the DNA relaxation products eluted from the gel slices (brackets in Figure 2 (a)). Whereas trypsinization has little in¯uence on topo 35 (ÁLk 1.1), whose amount remains between $16 and $20 %, it greatly affects the amount of topo 34, which increases from $16 % in the control to $48 % in the 2Tr particle (see the legend to Figure 2 (c)). As expected, the amount of topo 34 remains low upon removal of the H4 tails ($15 %), but it increases almost as much upon removal of the H3 tails (to $42 %) as upon removal of both. Similar relaxation experiments were performed with the two 1Tr tetrasomes on the 356 bp minicircle, the 2Tr tetrasome on 351-360 bp minicircles, and control (C) and acetylated tetrasomes on 351-366 bp minicircles. In this latter case, relaxations were performed in both Tris (as above) and phosphate buffers. The purpose of using phosphate was to further destabilize the tails, i.e. to reinforce the effect of acetylation .
Topoisomer compositions in relaxation equilibria, plotted versus N, are shown for control tetrasomes in Tris buffer (CT) in Figure 3 (a). As in Figure 1 . Tetramer characterization. Stoichiometric mixtures of H3 and H4 in 2 M salt (see preparation in Materials and Methods), either trypsinized or not, were electrophoresed in an SDS-containing gel, together with initial core particles before and after trypsinization, which show the comigrating trypsinized H2A and H2B (star). Control, mixture of intact H3 and H4; 2Tr, mixture of the two trypsinized histones; 1Tr(H3), mixture of the trypsinized H3 plus the intact H4; 1Tr(H4), mixture of the intact H3 plus the trypsinized H4. A photograph of the Coomassie blue-stained gel is shown. (Figure 3(a) ). Only in the intermediate region around 359-360 bp are topoisomer amounts more even, due to a decrease of topos 33 and 34 to the bene®t of topo 35 which then reaches a maximum. As previously observed with mononucleosomes reconstituted on the same minicircles , the distribution mean linking number (hLk t i) increases in a step-wise fashion with N (Figure 3(b) ), and the plateaux in this curve are not at integral Lk values (a consequence of the presence of more than one topoisomer in the equilibria). Consequently, the mean linking number difference (hÁLk t i) oscillates with the periodicity of the double helix (Figure 3(c) ). The oscillation occurs around ÁLk $ À 0.5 and its amplitude of AE0.25 is intermediate between that previously observed for the naked topoisomers (AE0.3) and nucleosomes (AE0.2; .
As shown in Figure 4 (a), 354-358 bp 2Tr tetrasomes relaxed in Tris buffer (2TrT) show signi®cantly larger amounts of topo 34 than corresponding CT tetrasomes in Figure 3 (a) ($40 % against $10 %). hLk t i and hÁLk t i versus N plots are shown in Figure 4 (b) and (c), respectively, for 2Tr.T tetrasomes, and acetylated tetrasomes (A) relaxed in Tris or phosphate (P) buffer, with corresponding data of CT tetrasomes from Figure 3(b) and (c) as references. An upward displacement of the step-curve relative to CT tetrasomes is observed, which increases from AT to AP and 2Tr.T tetrasomes, with this displacement being accompanied by an attenuation of the steps for 2Tr.T tetrasomes. As a consequence, hÁLk t i of 2Tr.T tetrasomes oscillates around À0.22(AE0.15) (against À0.5(AE0.25) for CT tetrasomes; see above). Figure 5 shows the amount of each topoisomer in the equilibria plotted as a function of its ÁLk calculated under relaxation conditions (Tris or phosphate buffer; see Materials and Methods). In this representation, which combines Lk and N through equations (1) and (2) in Materials and Methods, data points for all three topoisomers can be placed on a single curve. CT tetrasomes show a bi-modal pro®le (Figure 5(a) ), making obvious their access to alternative DNA chiral conformations. These conformations, centered around ÁLk ÁLk t $ À 0.7 and 0.6, are left and right-handed, respectively, as expected. AT and, even more so, AP tetrasomes show more material in the second peak and less in the ®rst peak (Figure 5(b) ), which indicates a facilitation of the transition by acetylation/phosphate. This tendency appears strongly reinforced for 1Tr(H3)T and 2TrT tetrasomes (Figure 5(c) ), besides a displacement of the two peaks towards each other. A tentative deconvolution of these peaks (discontinuous curves) suggests new ÁLk t values around À0.6 and 0.4 for the two conformations.
Discussion
Particle dynamics by the DNA minicircle approach: an overview
As we have recently shown , naked minicircles of the N 351-366 bp series relax mostly into a single topoisomer, with À2.5, À 2.7, À1.9, À2.1, À2.2, À2.3, À2.4 and À2.7 of N 351, 353, 354, 356, 358, 360, 361, 362, 363 and 366 bp DNA minicircles, respectively. Relaxations were performed in Tris buffer as described in the legend to two topoisomers being observed only in a narrow size interval when N is close to an integral multiple of the helical repeat plus 5 bp. As a result, the mean linking number (hLki) of the equilibrium distribution varies in a step-wise fashion with N. This behavior, which is not observed with plasmid-size DNAs whose hLki increases linearly with N, re¯ects the relative stiffness of short DNAs. The same minicircles, when reconstituted with a nucleosome, showed instead two topoisomers in the equilibria regardless of their exact size, leading to a displacement of the plateaux of the hLki versus N curves to non-integral Lk values. Moreover, the amplitude of the oscillations in the corresponding hÁLki versus N curve was smaller than that observed for the naked minicircles (AE0.2, against AE0.3; De Lucia et al., 1999), which re¯ected an apparently larger¯exibility of the loop than that of the naked minicircle, despite its smaller size. This paradox was attributed to DNA protein-mediated access to several conformations. In addition to the previously known open and closed conformations in which entering and exiting DNAs are uncrossed and crossed negatively, respectively, a new conformation with positively crossed DNAs was required to explain the data . Tetrasomes on the same series of DNA minicircles behave very similarly to nucleosomes, with the important difference that three topoisomers are now observed in the relaxation equilibria, which point to an even larger apparent¯exibility of the loop. Such features appear consistent with tetrasome chiral¯exibility and access to a right-handed conformation (Hamiche et al., 1996; Alilat et al., 1999) . The object of the simulation below is to quantify the topology and the energetics of these states, and to decipher the mechanism by which they are affected by the tails.
Simulation of relaxation data: a left and a right-handed state with different loop flexibilities
Control tetrasomes
The bi-modality of the``amounts'' curve in Figure 5 (a) suggests that they could be ®tted with a two-state model. This simulation (see Appendix) produced the supercoiling force constant, K sc , and the linking number difference, ÁLk t , of each state, and their free energy difference, ÁG t (referred to as G t in the Appendix, see equation (A1)). Resulting ÁLk t values, À0.74(AE0.01) and 0.51(AE0.06) for the left and right-handed states (Table 1) , approximately correspond to the center of the peaks in Figure 5 (a), as expected. Moreover, the energy of the right-handed state, 1.9(AE0.1) kT, turns out to be similar to the 2.5 kT independently estimated from the dependence of the relative amount of reconstitution on ÁLk (Hamiche et al., 1996) . Surprisingly, however, the associated K sc values, 2400(AE200) and 1300(AE400) (Table 1), respectively, are quite different. These values were then used in reverse to calculate the theoretical amounts in Figures 5(a) and 3(a), and the theoretical hLk t i and Table 1 ). These plots provide a vivid representation of the tetrasome alternative chiral conformations, with the center of the peaks giving their intrinsic linking difference. The peaks are less well separated from each other in the 2TrT pro®le than in the CT pro®le, not only because they are closer to each other (distance 0.35 0.64 0.99, against 0.51 0.74 1.25; see Table 1 ), but also because the negative peak is broader (K sc 1500 against 2400; see Table 1 ). The discontinuous curves in (c) show a handmade tentative deconvolution of the two peaks (see Results).
hÁLk t i versus N curves in Figure 3 (b) and (c) (see the smooth curves in these Figures).
Acetylated and trypsinized tetrasomes
Results of the simulation of AT, AP and 2Tr.T tetrasomes data in Figure 5 (b) and (c) are also listed in Table 1 . ÁLk t and K sc remain virtually the same (within experimental errors) from CT to AT and AP tetrasomes, in contrast to G t which decreases to 1.3(AE0.1) kT in AP tetrasomes. In 2TrT tetrasomes, K sc of the left-handed state decreases almost to the value of the right-handed state, and a further decrease of G t to 0.6(AE0.06) kT is observed. This indicates a progressive facilitation of the transition following the destabilization of the tails by acetylation/phosphate, and their release by trypsinization. As suggested in Results, this is accompanied by a signi®cant loss of supercoiling in both states for 2TrT tetrasomes, but not for AT and AP tetrasomes (see ÁLk t values in Table 1 ). Interestingly, this effect of trypsinization is mainly due to the removal of the H3 tails, as shown by thè`a mounts'' data points of 356 and 358 bp 1Tr(H4)T and 1Tr(H3)T tetrasomes in Figure 5 (c). Again, the state parameters were used in reverse to calculate the smooth curves in Figures 5(b) and (c), and 4(a)-(c).
Loop most probable configurations: tail-regulated tetrasome lateral opening
As indicated by the discrepancy in the K sc values (see Table 1 ), the loop is relatively rigid in the lefthanded state (except after trypsinization), and¯ex-ible in the right-handed state. According to notions developed in our previous studies and in the accompanying paper , this means that a given topological constraint applied to the loop will change its writhe more, and its twist less, in the right than in the left-handed state. To explain the loss of supercoiling upon tails removal, and this differential loop¯exibility, we used the explicit solutions to the equations of the equilibrium in the elastic rod model for DNA (see Introduction). These solutions indeed allow the loop trajectory to be calculated for each state (see Appendix). This calculation requires us to know the so-called``end-conditions'', i.e. the vectors tangent to the axis of the entering and exiting DNAs at their point of contact with the histones, which depend on the parameters of the DNA superhelix (radius r; pitch p).
The left-handed state of control tetrasomes
To de®ne the end-conditions, we ®rst considered the tetramer immersed inside the octamer of the nucleosome, and took the DNA superhelical parameters described by , r 4.2 nm and p À 2-4 nm. This, together with a wrapped DNA length of 55 bp , led to K sc 2700, only a 12 % increase over the ®tted value in Table 1 . As shown in Figure A2 in the Appendix, a slight opening of the tetrasome to r 4.3(AE0.1) nm (keeping the length of the wrapped DNA constant) suppresses that discrepancy, whereas a change in p has little in¯uence. The total writhe of the partially wrapped 359 bp DNA minicircle, Wr À 0.82(AE0.05) (see Table 2 ), could then be obtained, and from this and ÁLk t , the local helical periodicity of the wrapped DNA, h loc 10.21 bp/turn (10.13 4 h loc 4 10.33 bp/turn; see Appendix)). Such a value, compared to h loc 10.36 bp/turn estimated for nucleosomes on the same DNA minicircles , suggests an overtwisting, in the central 55 bp of these nucleosomes. Interestingly, a similar overtwisting is observed in Figure 5 with the two-state model (see Discussion and Appendix). CT, control tetrasomes in Tris buffer; AT and AP, acetylated tetrasomes in Tris and phosphate buffers, respectively; 2TrT, tailless tetrasomes in Tris buffer. Standard deviations were estimated using the procedure by Lutter et al. (1996) . A total of 100 synthetic data sets, generated by applying random combinations of the experimental errors to the original data (see Figure 3 (c)), were analyzed and the distributions of the extracted parameters characterized.
b Errors between parentheses are the predicted theoretical variations between N 350 and 370 bp tetrasomes. Errors in K sc were calculated using mean superhelix parameters r and p in Table 2 , whereas errors in ÁLk t used the corresponding errors in Wr (see Table 2 ) with h loc 10.21 bp/turn in equations (5)- (7) the core particle crystal structure (h loc 10 bp/turn in the central 50 bp against $10.25 bp/turn for the whole particle; Prunell, 1998) . A stereo view of the DNA conformation in the left-handed state (referred to as left-normal) is shown in Figure 6 . Upon application of a topological constraint in the form of a topoisomer ÁLk different from ÁLk t , the loop responds by changing its twist (ÁTw loop ), together with its free energy of supercoiling (G sc ), and the writhe of the whole minicircle (Wr) as shown in Figure A1 in the Appendix.
The right-handed state of control tetrasomes
The h loc value in this conformation was assumed to be the same as in the left-handed conformation, as expected from the DNA remaining bound to the histones during the transition (Hamiche et al., 1996; Alilat et al., 1999) . This, together with ÁLk t 0.51(AE0.06) and K sc 1300(AE400) for that state (Table 1) , led to r 5.1 5 (AE0.1) nm, p 3(AE1) nm and Wr 0.31 (AE0.07) (see Figure A3 in the Appendix and Table 2 ). Figure 6 shows this conformation in stereo (referred to as right-normal), and Figure A1 the dependences of G sc , Wr and ÁTw loop on ÁLk. As expected, the energy parabola is more open than for the left-handed state, the Wr curve steeper, and the ÁTw loop curve¯atter. Therefore, the¯exibility of the right-handed state appears to entirely originate from the large superhelix radius, i.e. from tetrasome lateral opening in that conformation.
Left and right-handed states of trypsinized tetrasomes
With h loc 10.21 bp/turn, ÁLk t À 0.64(AE0.03) and K sc 1500(AE300) in the left-handed state of 2TrT tetrasomes (Table 1) , one obtains r 4.7(AE0.1) nm, p À 2.2(AE0.5) nm and Wr À 0.74(AE0.05) ( Table 2) . When compared to r 4.3(AE0. 1) nm for that state in CT tetrasomes, the net effect of tail removal appears to be an opening of the tetrasome by $10 %. The same calculation performed with ÁLk t 0.35(AE0.05) and K sc 1200(AE300) in the right-handed state leads to r 5.3 5 (AE0.2) nm, p 2.1(AE1) nm and Wr 0.17(AE0.03) ( Table 2 ). That value of r indicates an opening of 4 % following trypsinization in that state. Although small, this opening leads to a signi®cant alteration in the loop trajectory, relative to control tetrasomes. This can be seen in Figure 6 , where the conformations are referred to as left and right-open.
Conclusions
The tetrasome appears to open under two different circumstances: (1) upon switching to the right-handed conformation (r 4.3 to 5.1 5 nm makes a 20 % opening); and (2) upon removal of the H3 tails, with a larger opening in the left (10 %) than in the right-handed conformation (4 %). The reality of this opening is supported by our previous electron microscopic observations of tetrasomes on 359 bp topo 1 which showed signi®cantly increased proportions of eight-like molecules, compared to tetrasomes on topo À1. In these molecules, the tetramercontaining DNA loop was similar in size to the free-DNA loop ). An additional evidence for the opening is the gel electrophoretic retardation of 1Tr(H3) tetrasomes relative to control tetrasomes observed in Figure 2 (a) before and after relaxation (compare lanes 5 and 6 with lanes 1 and 2, respectively). This retardation is surprising because an acceleration would have instead been expected from the increase in the particle overall negative charge and the reduction in friction. The retardation can therefore originate only from an expansion of the molecules, as expected if 1Tr(H3) tetrasomes are more open. The lack of a similar retardation of 1Tr(H4) tetrasomes (compare lanes 7 and 5 in Figure 2(a) ) is then consistent with the poor effect the removal of the H4 tails has on tetrasome opening. Tetrasome subsequent acceleration to the level of control tetrasomes upon further removal of the H4 tail in 2Tr tetrasomes (compare lanes 3 and 4 with lanes 1 and 2) can then be explained by the correlative increase in the molecule negative charge, without much change in tetrasome opening (see above).
That both the switch to the right-handed conformation and the removal of the tails lead to tetra- Table 1 using the explicit solutions to the equations of the equilibrium in the theory of the elastic rod model for DNA, as described in the Appendix. See Figure 6 for a visual representation of the different conformations.
c Errors between parentheses give the theoretical variations calculated between N 350 and 370 bp tetrasomes using mean superhelix parameters r and p (see Appendix). The absolute value of Wr always increased with N.
some opening necessarily implies a destabilization of the tails in that conformation. This in turn explains why tail removal affects opening only slightly in the right-handed conformation. However, less than half of this 20 % opening accompanying the transition results from tail destabilization. The tailless tetrasome indeed opens by 14 % during the transition (r 4.7-5.3 5 nm), suggesting that the opening is mechanically linked to the protein reorientation mechanism.
Tail regulation of tetrasome opening: a mechanism
The accompanying article has provided evidence, from the effects of histone acetylation on EtBr titrations of tetrasomes in higher salt (see Introduction), that histone N-terminal tails make contact with DNA in the dyad region. These interactions may therefore be the lever by which the tails hinder tetrasome lateral opening. Figure 7 schematizes how this could be achieved. The  Figure shows the histone fold-proximal section of the H3 tails located inside the expanded groove of the bent DNA in that region, in positions where they could act as wedges against the narrowing of the groove, i.e. the local straightening of the DNA, associated with the opening. Only upon release of the tails, could the tetrasome open and the transition to the right-handed conformation occur (Figure 7) . Intercalation sites may be in the small groove at AE10 bp from the dyad axis. This would Figure 6 . Stereo representations of relaxed DNA conformations in left and right-handed states of control (normal) and trypsinized (open) 359 bp tetrasomes. The DNA superhelix axis is materialized by a 100 A Ê long segment which is traversed in its middle by the dyad axis (not shown). One view is along the superhelix axis, whose segment appears as a dot, and the other is perpendicular to it. The DNA superhelix parameters, together with the writhing of the whole minicircle, are listed in Table 2 for all four conformations. The in¯uence of tetrasome opening in the open relative to the normal conformation leads to a counterclockwise rotation of the loop around the dyad in the left-handed conformation, and to a clockwise rotation in the right-handed conformation, which are well visible in the perpendicular views. These loop rotations always led to a loss of supercoiling (see corresponding ÁLk t values in Table 1 ). These uncrossed right-handed conformations do not contradict the electron microscopic observation of crossed tetrasomes on 359 bp topo 1 (Hamiche et al., 1996; Alilat et al., 1999) , because only tetrasomes on a 354 bp topoisomer with ÁLk ÁLk t 0.5 (see Table 1 ) would be expected to resemble the conformation shown. Loop bending energy is larger in the right than in the left-handed conformation when normal (8.00 against 7.63 kT; see Figure A1 in the Appendix), but smaller when open (7.88 against 8.15 kT; not shown). These representations were obtained with the MacMolecule2 software (Molecular Ventures Inc.).
be consistent with the H3 N-terminal tails coming out of the nucleosome at these locations by passing through the juxtaposed small grooves of the two DNA gyres , and with the sharp bends observed at, or close to, these locations in the former core particle crystal structure (Richmond et al., 1984) , and in solution (Hogan et al., 1987) . The remaining portion of the H3 tails, and in particular the distal charged section, is shown in Figure 7 to interact with the entering and exiting DNAs. This interaction, in stabilizing the tails and therefore the intercalation of the proximal section, provides a simple explanation for the observation that acetylation/phosphate facilitate the transition (see below). It is noteworthy that such interactions of the H3 tails are not a priori in contradiction with their absence in the high-resolution structure . Not only did the crystal growth in that work require a high ionic strength, which likely destabilizes the tails, but some tail rearrangement following the unwrapping of two half-turns of the DNA superhelix upon release of the H2A-H2B dimers cannot be excluded. Figure 7 also shows the H4 N-terminal tails, whose role, even if minor, is revealing. Results have shown that their removal (in 1Tr(H4) tetrasomes; see Figure 5 (c)) makes virtually no difference with the control. This means that they play no role in opposing tetrasome opening when the H3 tails are present. In contrast, the H3 tails are ef®-cient at this, but their removal (in ITr(H3) tetrasomes) does not quite permit the opening achieved upon removal of both tails. This in turn suggests that, in their absence, the H4 tails can partially substitute to the H3 tails, and interact at the same location. H4 tails ef®ciency in hindering tetrasome opening can be estimated from Figure 5 (c) to be $30 % of the ef®ciency of the H3 tails. Such a role of the H4 tails is consistent with their exit location in the crystal structure, at $ AE15 bp from the dyad, i.e. only $5 bp apart from the H3 tails. (In the crystal structure only one of the H4 tails exits the particle as mentioned, whereas the other one was apparently pulled away from that exit location by its interaction with a H2A-H2B dimer of a neighboring particle ). Histone/ DNA crosslinking has also demonstrated an interaction of the H4 tails with DNA in the core particle at these locations (AE10-15 bp from the dyad; Ebralidse & Mirzabekov, 1986; Ebralidse et al., 1988) . Moreover, a location of the H4 tails within the DNA minor groove at AE10 bp, similar to that proposed here, has even been suggested on the basis of clostripain protection experiments with core particles (Baneres et al., 1994) .
A mechanical link between tetramer reorientation and opening, as shown above, would in turn suggest that reorientation does not occur through a true rotation of the two H3-H4 dimers around their H3/H3 interface, but primarily through a deformation of the proteinaceous superhelix on each side of the dyad. This possibility is supported by the interplay between tails binding and local EtBr intercalation in modulating the transition, as observed in the accompanying article (Sivolob & Figure 7 . The wedge model for tetrasome lateral opening by displacement of the H3 tails from the small groove at the AE10 bp locations. The DNA superhelix is viewed along its axis, with the H3 tail on the entering DNA originating from above and going below, and vice versa for the tail on the exiting DNA, at locations AE10 bp from the dyad axis. On going around the double helix, the histone-fold-proximal section of the tails penetrates the small groove to a depth dependent on its width, which in turn depends on the local DNA bending. The DNA at the intercalation site is strongly bent in the left-handed conformation, and the small groove is wide, whereas that DNA is straightened, the small groove narrowed, and the tetrasome more open in the right-handed conformation. The release of the tail proximal section from the small groove during the transition is supposed to be accompanied by a rearrangement of the charged distal section. The lefthanded conformation also shows the shorter H4 tails coming out of the particle from above or below in reverse order relative to the H3 tails, at locations $ AE 15 bp from the dyad . H4 tails are represented unbound solely to mean that they do not interfere with tetrasome opening when the H3 tails are present. In their absence, H4 tails may intercalate at the same AE10 bp sites (see Discussion). Prunell, 2000) . The expanded small groove at AE10 bp would indeed be also an appropriate location for this local EtBr intercalation. DNA overtwisting and straightening during the transition may actually occur primarily at the same sites, then explaining their coupling in simple terms. Such a reorientation taking place at some distance on each side of the dyad should still alter the geometry of the H3/H3 interface (the four-helix bundle reported by , as shown by the effects of a steric hindrance at this location in shifting the tetrasome preferred conformation to semi right-handed ; see Introduction in the accompanying paper).
Tetrasome opening is also expected to be necessary at mid-transition to relieve the clash which would otherwise occur between the entering and exiting DNAs. The requirement for an opening at that point, which is likely to be even larger than that observed in the right-handed conformation, is expected to generate an energetic barrier between the left and right-handed states, similar to an activation energy. However, such a barrier remains in principle undetectable, because the present relaxation experiments, as well as EtBr titrations in the accompanying article, deal with equilibria or near equilibria.
Tail regulation of tetrasome chiral transition: a new role for the tails?
Without tetrasome opening, that``activation energy'' would probably be quite large, and the transition would be blocked. It is more likely, therefore, that opening occurs only because the tails are transiently released (or destabilized) due to thermal motions. The facilitating role of acetylation/phosphate would then result from the relative destabilization of the tails and their statistically more frequent release. If, therefore, acetylation can positively regulate tetrasome chiral transition, the potential for a negative regulation also exists. Repressor proteins could indeed bind the tetrasome in vivo (either near the dyad or on the sides) and prevent H3 tail thermal¯uctuations, which would result in an effective block against the transition. H1/H5, which interact near the nucleosome dyad (see Zhou et al., 1998 , for a recent reference) would be a natural candidate for this, but linker histones, at least in our hands, did not bind tetrasomes in a speci®c manner (unpublished results). To our knowledge, only a few transcriptional factors, e.g. TFIIIA (Hayes & Wolffe, 1992) , NF1 and OTF1 (Spangenberg et al., 1998) , have been assayed for binding onto tetrasomes, although their effects on the transition have so far not been explored. A block against the transition may ef®ciently hinder or inhibit transcriptional activation and elongation if, as suggested by Alilat et al. (1999) , the transition is closely associated with these events.
Materials and Methods
Materials and methods were as described in the accompanying article (Sivolob & Prunell, 2000) , except for the following.
DNAs
The 351, 353, 354, 356, 358, 360, 361, 362, 363 and 366 bp fragments have a unique sequence, and originate from TaqI digests of plasmids pB351-pB366. They originate from plasmid pBR322, and are those previously described by . Fragments were endlabeled with 32 P, circularized using phage T4 DNA ligase in the absence or presence of EtBr, and topoisomers puri®ed by gel electrophoresis in polyacrylamide gels.
Histone trypsinization
Double-trypsinized (2Tr), and single-trypsinized (1Tr(H3) and 1Tr(H4)) tetramers were obtained from trypsinized octamers as follows. Core particles were ®rst produced from H1/H5-depleted long soluble chicken erythrocyte chromatin by further digestion with micrococcal nuclease, and ®ltration in Sepharose 6B column in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5), 150 mM NaCl and 1 mM 2-mercaptoethanol. After concentration against solid sucrose and dialysis against TE buffer plus 1 mM 2-mercaptoethanol, the core particles (at 1 mg DNA/ml) were digested in the same buffer plus 35 mM NaCl with 15 mg of trypsin (Sigma; ref.
T-8642) per milliliter for ten minutes at 37 C, and the reaction quenched by addition of a ®vefold excess (w/w) of trypsin inhibitor (Sigma; ref. T-9003) . Core particles, either trypsinized or not, were then adjusted to 2 M NaCl and 0.5 M HCl, centrifuged to precipitate the DNA, and the histones in the supernatant were precipitated with acetone, dried and redissolved in 5 % (v/v) acetonitrile and 0.1 % (v/v) tri¯uoroacetic acid in water. Individual histones were subsequently puri®ed by HPLC chromatography in a Vydac C4 column using an acetonitrile gradient (25 % to 65 %) in 0.1 % tri¯uoroacetic acid. Histone fractions were lyophilized, and dissolved in 6 M urea, 20 mM Tris-HCl (pH 8.0) and 5 mM dithiothreitol. After quanti®cation of each histone concentration by electrophoresis in SDS-containing gels and staining with Coomassie blue (taking into account a $ 20 % decrease in staining intensity after digestion), stoichiometric mixtures of H3 and H4, either trypsinized or not, were prepared. The mixtures in urea were then dialyzed overnight at 4 C against 2 M NaCl and 1 mM dithiothreitol in TE buffer, to reconstitute the tetramers. Tetramers were stored at À80 C. The tetramer mixtures are shown in Figure 1 , after electrophoresis in an SDScontaining gel. Tetramers reconstituted in this way from intact H3 and H4 behaved the same, and in particular gave the same relaxation equilibria, as the regular control tetramers. For this reason, the term control tetramers will be used throughout, whether the tetramers were reconstituted or not.
Tetrasome reconstitution and relaxation
Tetrasomes were reconstituted with the above tetramers using the salt-jump method (Zivanovic et al., 1990) on a trace of the 32 P-labeled topoisomers plus a bulk amount of the supercoiled plasmid DNA from which the fragment originated. Tetrasomes in TE buffer and 100 mg/ml BSA were supplemented with one-quarter volume of 5Â Tris buffer (1Â: 50 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 50 mM KCl, 5 mM MgCl 2 , 0.5 mM dithiothreitol) or phosphate buffer (as for Tris buffer, except that the 50 mM Tris-HCl was replaced by 50 mM potassium phosphate (pH 7.5); see , and relaxed by incubation with 600-800 units calf thymus topoisomerase I (BRL) per milliliter at 37 C for one hour.
Gel electrophoreses
Relaxation products were diluted fourfold with TE buffer plus 100 mg/ml BSA, and electrophoresed in polyacrylamide gels as described in the accompanying paper (Sivolob & Prunell, 2000) . Electrophoresis was performed at room temperature, except for 351, 361 and 363 bp tetrasomes, because the corresponding unreacted naked DNA minicircles relaxed into two topoisomers. Of these, the faster, positively supercoiled, topoisomer migrated close to the slower edge of the relaxed tetrasome band, and a satisfactory separation could usually be achieved by running the gels at 6 C. Gels were incompletely dried (20 minutes under vacuum at 50 C), which permitted the excised gel slices to reswell and DNAs to be eluted. Eluted DNAs were electrophoresed at room temperature in 4 % polyacrylamide (acrylamide to bisacrylamide 20:1, w/w) mini-gels (0.15 cm Â 10 cm Â 8 cm) for one hour at 100 V in 20 mM sodium acetate, 2 mM EDTA, 40 mM Tris-acetate (pH 7.8), and 125-200 mg/ml chloroquine. Gels were dried and autoradiographed at À80 C, and the radioactivity in the bands quanti®ed using a phosphorimager (Molecular Dynamics).
Topology

Topoisomer identification
Topoisomers were identi®ed by their linking number Lk or linking number difference ÁLk, with (Wang et al., 1982) :
in which:
is the linking number of the most probable con®guration of the minicircle . N is its size and h o 10.56 bp/turn is the helical periodicity of mixed-sequence DNA under reference conditions (Goulet et al., 1987) . Lk o can then be obtained from equation (2) for all minicircles, and ÁLk subsequently derived from Lk using equation (1) (see the legend to Figure 3 ).
Experimental mean linking number difference associated with tetrasome formation
This linking difference is given by:
in which hLk t i is the mean linking number of the topoisomer equilibrium distribution obtained upon relaxation with topoisomerase I. Lk o in equation (3) is given by equation (2), with h o 10.49 or 10.47 5 bp/turn in Tris or phosphate buffer see buffer compositions above) .
Theoretical linking number differences associated with tetrasome left and right-handed states These linking differences, ÁLk t (i) (i 1 or 2), were derived from model ®tting to experimental data (see Appendix). With topoisomer ÁLk, the linking number difference in the loop is:
Equation (4) shows that ÁLk t (i) is the total ÁLk of the topoisomer when the loop is relaxed (for the tetrasome in state i). Note that equation (4) requires the loop to be a distinct topological domain delimited by the clamping of DNA to the histones. ÁLk l (i) was used in equation (A2) in the Appendix to measure the loop free energy of supercoiling.
For each state i, the classical equation (White, 1969; Fuller, 1971; Crick, 1976) (4) and (5) combine into:
with Wr o (i) being the writhing number of the most probable conformation of the partially wrapped DNA minicircle for the particle in state i, when the loop is relaxed.
Intrinsic and local helical periodicity of wrapped DNA
With Tw N/h, ÁTw t is given by:
in which N t is the number of base-pairs wrapped. When h refers to wrapped DNA, it is conveniently termed the intrinsic h, h intr (Prunell, 1998) . Equation (7) was used in the Appendix to calculate h intr , once ÁTw t (i) is known from equation (6), and subsequently the local h, h loc , which de®nes the spacing between nucleotides closest to the histone surface, from the equation (Le Bret, 1988) :
where r (nm) and p (nm) are the radius and the pitch of the DNA superhelix. It is noteworthy that equation (8) applies only when the wrapping surface is a perfect cylinder, which is true for the core particle in the highresolution crystal structure , as quoted by Prunell, 1998 , and is assumed to be true also for the tetrasome.
The probability of ®nding a tetrasome in state i on topoisomer Lk in the relaxation equilibrium is proportional to:
which gives for the probability of tetrasomes on topoisomer Lk, regardless of their state:
The mean linking number of the topoisomer equilibrium distribution at size N then is:
and the mean linking difference, as given by equation (3) in Materials and Methods of the main paper:
Neglecting the AE2 % variation in N between 351 and 366 bp, N could be replaced by its mean, 359 bp, in equations (A1) and (A3). r in equation (A4) can then be expressed as a function of ÁLk (see equation (1) in Materials and Methods) by:
Equation (A7) was ®tted to the experimental amounts curves in Figure 5 of the main paper. The resulting parameters, ÁLk t , K sc and G t of left and right-handed states are listed in Table 1 of the main paper. These values were used in reverse to recalculate the amounts data in Figures 5, 3 (a) and 4(a), and the hLk t i and hÁLk t i data in Figures 3 and  4 . The resulting smooth curves show an excellent agreement between experiment and theory. Interestingly, the use of equations (A5) or (A6) to ®t instead the experimental hLk t i-or hÁLk t i-versus-N data points in Figures 3 and 4 leads to a poorer agreement (not shown). The reason appears to lie in the three-topoisomer equilibria which leads to a loss of information on going from the primitive amounts data to hLk t i or hÁLk t i data (i. e. it is impossible to go from the hLk t i or hÁLk t i data back to the amounts data). This is in contrast to mononucleosomes on the same DNA minicircle series which gave rise to only two topoisomers in their relaxation equilibria. No such loss of information then occurred, justifying the ®ttings to the hLk t i data in this case (De Lucia et al., 1999) .
Loop most probable con®gurations
The explicit solutions to the equations of the equilibrium in the theory of the elastic rod model for DNA were used. These authors considered the loop as a segment with speci®ed conditions at the end points where it contacts the protein surface. The end-conditions de®ne the unit vectors tangent to the double helix axis at these points. The DNA segment was then treated as an unextensible, homogeneous body obeying the rod theory of Kirchhoff. The solutions to the equations led to the con®guration which minimizes the elastic free energy with given end-conditions and loop constraint (ÁLk of the topoisomer), providing that no self-contact between segments occurs.
End conditions are speci®ed by the geometry of the bound DNA, which is assumed to be an ideal superhelix. The coordinates of a point P belonging to the duplex axis of the DNA in the superhelix region are:
where r is the superhelix radius, and p its pitch. When the s parameter varies from Àw/2 to w/2, with:
being the total wrapping or number of superhelical turns, P(s) describes a left or a right-handed superhelix, depending on the negative or positive sign of p, respectively. The equations specifying the end conditions are those of (see their equations (A24)-(A26)). Because N t is ®xed, only the pair of p and r parameters is required to de®ne the most probable con®guration of the loop for a given topoisomer size N and ÁLk. A prerequisite to these calculations is the knowledge of the bending and torsional rigidity coef®-cients (A and C, respectively) of the naked DNA. A was calculated from a persistence length a A/ kT 50 nm (Hagerman, 1988) , and C through the equation derived by Tobias (1998) for a naked DNA minicircle close to relaxation:
which relates A and C to K sc , the supercoiling force constant. K sc , together with h o of the torsionallyfree DNA, have been determined by us with high accuracy through circularizations of the present fragments with T4 DNA ligase at different temperatures, under topoisomerase I conditions (unpublished results). We obtained K sc 4000(AE200) and h o 10.49 4 (AE0.003) bp/turn, which resulted in C/A 1.6(AE0.1) and in C 3.3(AE0.2) 10 À19 erg cm at 300 K. This C value is in good agreement with the value derived from topoisomer distribution analysis (Shimada & Yamakawa, 1985; Frank-Kamenetskii et al., 1985) and¯uorescence measurements (Heath et al., 1996) .
The calculation was started with the left-handed conformation of control tetrasomes because reasonable assumptions could be made on r and p, whereas the parameters of the right-handed conformation are unknown. Once the loop con®gur-ation was known, the bending and twisting contributions to the supercoiling free energy of the loop could be derived. As shown in Figure A1 , the sum of these contributions, G sc , varies with ÁLk approximately according to a second-degree polynomial (discontinuous parabola), which gives K sc after identi®cation with G sc in equation (A2). Superhelix parameters r 4.2 nm and p À 2.4 nm led to K sc 2700, close to the experimental value of 2400 (Table 1 in the main paper). Figure A2 shows that a slight increase in r (to 4.3 nm) shifts K sc to the experimental value, in contrast to a decrease in p which has a negligible effect on K sc . Wr could then be calculated (see Table 2 in the main paper), and from the ®tted ÁLk t value (Table 1 ) and equations (6)- (8) in Materials and Methods, the local helical periodicity of the wrapped DNA, h loc 10.21 bp/turn (10.13 < h loc < 10.33 bp/turn, if the errors in K sc and ÁLk t are taken into account; see Table 1 in the main paper).
h loc 10.21 bp/turn was then used in reverse to calculate the parameters of the DNA superhelix in the right-handed state of control tetrasomes, and the left and right-handed states of trypsinized tetrasomes, which would satisfy the experimental values of ÁLk t and K sc (Table 1) . This led to linked r and p values, with K sc as a parameter. As shown in Figure A3 for the particular example of the control tetrasome right-handed conformation, K sc again depends strongly on r, but little on p, so that Figure A2 . Dependence of the loop supercoiling force constant, K sc , on the radius, r, and pitch, p, of the wrapped DNA superhelix in the left-handed state. Note that K sc strongly depends on r but little on p. Figure A1 . Dependence of the loop elastic energy and twist, G sc and ÁTw l , and of the writhe of the whole minicircle, Wr, on ÁLk for control 359 bp tetrasomes in the two conformational states. Discontinuous curves in (a) show the ®tting with second-degree polynomials, which allowed K sc to be calculated from equation (A2). Note that the energy parabola in (a) is more open in the right than in the left-handed state, whereas the Wr curve in (b) is steeper and the ÁTw l curve¯atter, all discrepancies re¯ecting the higher¯exibility of the righthanded state (see K sc values in Table 1 of the main paper). Figure A3 . Interdependence between the superhelical radius, r, the pitch, p, and the loop supercoiling force constant, K sc , in the right-handed state of linking number difference ÁLk t 0.51 AE 0.06 (see Table 1 ). Note that K sc again depends strongly on r but little on p.
experimental errors on K sc signi®cantly affect p, but not r ( Table 2 ). The dependence of G sc on ÁLk is shown also for that conformation in Figure A1 , together with the dependence of Wr and ÁTw loop .
The mean superhelix geometry in each state ( see Table 2 ) could in turn be used to calculate the variations of K sc , Wr and ÁLk t (with h loc 10.21 bp/ turn) upon increase in N from 350 to 370 bp. The results showed that K sc increased for the left but decreased for the right-handed state, whereas Wr and ÁLk t always increased in absolute values. The amplitude of the variations, 10-30 % of the experimental errors (see Tables 1 and 2 of the main paper), is relatively small, validating the above calculation procedure.
Finally, Figure A4 shows the predicted dependence of Wr on p at two values of r, for tetrasomes with their loop relaxed. This plot illustrates the behavior of that loop during the transition at r values only slightly higher that the critical value (r 4.9 nm) below which a clash would occur between entering and exiting DNAs at p 0, and the transition would be blocked (taking the DNA diameter 2 nm). At the same time, this provides a measure of the sensitivity of tetrasome topology to the end conditions, i. e. to its opening. At r 5.0 nm, Wr changes abruptly in a narrow region around p 0, and remains virtually constant outside this region. Increase in r by only 0.1 nm to 5.1 nm makes Wr dependence on p much smoother.
